INTRODUCTION
Peroxisomes are vital cellular organelles controlling important metabolic functions like hydrogen peroxide degradation, fatty acid metabolism, gluconeogenesis, toxin degradation, etc. (Flatmark et al., 1988; van den Bosch et al., 1992; Masters, 1997; Lopez-Huertas et al., 2000) . Certain human metabolic disorders such as Zellweger syndrome, neonatal adrenoleukodystrophy, infantile Refsum disease and rhizomelic chondrodysplasia punctata are associated with the peroxisomal defect in protein import and/or biogenesis (Gould and Valle, 2000) . Intracellular transport of proteins into peroxisomes depends on either type 1 peroxisomal targeting signal (PTS1) or, type 2 (PTS 2). Type 1 signal sequence is a tripeptide motif present in the carboxy terminal of the protein (consensus sequence [STAGQCN] - [KRH] - [LIVMAFY] ; Gould et al., 1987 Gould et al., , 1989 Swinkels et al., 1991; Olivier et al., 2000) . Whereas, PTS2 constitutes a combination of nine amino acid bipartite sequences (consensus [RKS] 
-[ILVH]-x(5)-[QH]-[LAE]
) in the N-terminal half of the protein (Gould et al., 1989; Swinkels et al., 1991; Terlecky et al., 1996) . Receptors for PTS1 and PTS2 have been identified as PEX5 and PEX7 respectively (Terlecky et al., 1996; Lametschwandtner et al., 1998; Subramani, 1998) . The first report of PTS was in the firefly luciferase gene more than a decade ago (Gould et al., 1987 (Gould et al., , 1989 . Following its discovery, except for viruses, virtually all eukaryotes, parasites and fungi have been identified to have PTS-containing proteins and demonstrated to target such proteins to the organelle (Fung and Clayton, 1991; Aitchison et al., 1992; Subramani, 1998) . Recently we identified the presence of a functional and conserved PTS1 in one of the rotaviral proteins (VP4) which prompted us to look into other viral protein sequences available in the database for potential PTS1 and PTS2 motifs.
MATERIALS AND METHODS
Since there are a vast majority of viruses and viral proteins in GenBank, we restricted our search for protein * To whom correspondence should be addressed. sequences of medically important viruses, containing PTS1 or PTS2. For identification of PTS in a protein, we used the online PATTINPROT prediction program. The PATTINPROT program was preferred to that of PSORT prediction program because of the limitations associated with the latter. The PSORT is a much older version of a targeting prediction program and has a specific handicap in identifying PTS, as it recognizes proteins containing PTS only when the signature sequence of
is present in the given protein sequence. However, we now know that the consensus signature sequence for both PTS1 and PTS2 has been expanded far beyond the initial few amino acids of the above sequences (Gould et al., 1987 (Gould et al., , 1989 Swinkels et al., 1991; Terlecky et al., 1996; Olivier et al., 2000) . In this respect the PATTINPROT program is advantageous as it enables the user to modify or update the signature sequence.
Once a viral protein was identified to contain a PTS then conservation of these signals was established by using the NCBI PSI-BLAST program. Care was taken to get all the sequences of a particular viral protein present in GenBank by alternatively searching with specific search terms for a particular protein. For example, when we blasted the poxvirus hemagglutinin we were able to observe homologies with only 30 other proteins, indicating that there were only 30 sequences in GenBank. However, we noted that hemagglutinin sequences from YABA, lumpy skin disease virus (LSDV), shope fibroma and myxoma virus, all of which belong to the poxvirus group, were not included in the list of 30 poxvirus sequences, meaning that either the sequences have not been reported yet or are being conserved poorly.
RESULTS AND DISCUSSION
The mere presence of either PTS1 or PTS2 does not obligate a given viral protein to be targeted to peroxisome, as a wide variety of proteins with either the PTS1 or PTS2 do exist in nature that are not localized to the organelle (de Hoop and Ab, 1992; Subramani, 1998) .
However, conservation of such signals across a viral protein in several strains improves its potential functional and biological relevance. In the present study, using the online PATTINPROT program, we discovered a multitude of viral proteins containing these signals. However, to identify and confirm the conservation of PTS in all the viral proteins and strains, discovered in the present study, is a very time-consuming and laborious procedure. Hence, to illustrate the potential biological significance of these signals, we selected 10 medically important viral proteins for each type of PTS (PTS1, Table 1 and PTS2, Table 2 ) and compared them with the published sequences available in GenBank, using the NCBI PSI-BLAST program.
Since the BLAST program is not a very reliable technique for identifying all the homologous sequences in GenBank we also made a complete search for a particular protein with specific search terms (as described in the Methods section) and then looked for the conservation of PTS. The final results are outlined in Tables 1 and  2 , and include results of analysis only from complete sequences and not from truncated or partially submitted sequences. Our analysis readily identified the presence and conservation of these signals in a variety of viruses and viral proteins (Tables 1 and 2 ).
The present analysis is only the first step in the discovery and conservation of these signals among viral proteins and experimental evidence needs to be established by specific virus-interest groups in future. Once such proteins are identified then it is imperative to demonstrate the function of PTS in the cell, either by viral infection or by gene transfection experiments. Co-localization of the viral protein, by confocal-immunofluorescence or immunoelectron microscopy, with any of the peroxisomal markers, such as anti-catalase, anti-SKL or anti-peroxisomal membrane protein (PMP) antibodies (commercially available) would reveal targeting efficiency of the signal.
Using similar criteria, we recently reported the presence of a functional PTS1 in the rotaviral hemagglutinin protein, VP4, for the first time (Mohan et al., 2002) . It is to be noted here that, while attempting to demonstrate the peroxisomal targeting of a particular viral protein by immunofluorescence, care must be taken not to mask the peroxisomal staining since these organelles are the smallest subcellular structures. This is because many of the viral proteins are often produced in large quantities and demonstrate an intense cytoplasmic fluorescence in immunostaining, and this often masks the peroxisomal localization of that protein. Our observation with the rotavirus VP4 protein illustrates the above point. The VP4 protein has an intense cytoplasmic distribution and produces a characteristic filamentous or tubular staining pattern, and often in the literature it is also suggested to have a cytoplasmic, minute, vesicular staining pattern (Nejmeddine et al., 2000) . However, using the abovedescribed technique we observed that the previously known structures in fact are peroxisomes, stained by the VP4 antibody (Mohan et al., 2002) .
So far the only other viral protein, which localizes to peroxisomes, is the Nef protein of HIV-1 . However in case of the Nef protein, which reportedly lacked a PTS, it was shown to be localized to peroxisomes by virtue of its binding to a peroxisomal enzyme, the thioesterase, and translocates to peroxisomes along with the enzyme (Watanabe et al., 1997; . This prompted us to analyze the Nef protein sequence in our present analysis only to discover that a PTS1 (tripeptide SRL) is well conserved among most of the HIV strains reported so far (Table 1) . Thus, this signal might have been missed in the previous analysis due to its altered location (15 amino acids from the Cterminal, as opposed to the one at the terminus). Taking these observations together, it suggests that the internal PTS1 in viral proteins may also be functional. In fact there are a number of peroxisomal proteins with functional PTS1 located slightly internal to the C-terminus (de Hoop and Ab, 1992) .
Furthermore, our present analysis of viral proteins with PTS1 and PTS2 not only demonstrates the existence of these signals in viral proteins but also highlights the various permutation combinations that may exist in the conservation of a particular signal. For example, it is known that the PTS1 should be ideally located at or near the C-terminus of a protein. Hence we selected viral proteins with both types of PTS1, terminal and internal, and analyzed whether they are conserved, or are just spurious artifacts being randomly present in only a few. The analysis revealed the PTS1 signals, whether internal or terminal, to be highly conserved among 9 of the 10 viral proteins selected. The examples of PTS1 in papilloma virus E1 protein (51/108 sequences analyzed, Table 1 ) and PTS2 in HIV-1 Gp160 (51/496 sequences, Table 2 ) highlights the fact that a particular viral protein may contain a PTS but it may not be conserved across all the strains. Higher confidence in predicting the authenticity of these signals could be established by the fact that regardless of the length of a protein, a PTS1 should be conserved in all strains of a particular virus. This has been observed in the present analysis in the hemagglutinin protein of rotavirus (VP4) and poxviruses. The hemagglutinin protein is of variable length in various strains of both rotavirus (ranging from 720-776 aa) and poxviruses (ranging from 265-318 aa) however the C-terminal PTS1 is well conserved in all of them (Table 1 ). The only other poxviruses that did not have a PTS1 was the raccoon poxvirus and camelpox. Upon further search with specific terms it was observed that there were two variants of these poxvirus hemagglutinins, one containing the PTS and the Abbreviations used: aa-amino acids; HIV-human immunodeficiency virus; HSV-herpes simplex virus; HCV-hepatitis C virus; NS1-nonstructural protein 1; VIF-virion infectivity factor; Nef-negativity factor; NS3-nonstructural protein 3; E1-envelope protein 1. *Disparity in the number of hemagglutinin sequences with PTS1 (48) and PTS2 (52) is due to the incomplete nature of 4 sequences, wherein only the N-terminal sequence was available. Abbreviations used: aa-amino acids; HIV-human immunodeficiency virus; CMV-cytomegalovirus; HCV-hepatitis C virus; NSP6-nonstructural protein 6, NS1-nonstructural protein 1; gp160-glycoprotein 160, UL84-early nonstructural protein; NS5B-nonstructural protein 5B.
other lacking it. Phylogenetic analysis of these poxvirus sequences revealed that the PTS1-containing raccoon poxvirus was much closer to the other poxviruses and the PTS1-lacking raccoon poxvirus actually maintained a significant distance from the poxviruses (data not shown). Likewise, the internal PTS1 is also highly conserved in viral proteins of Mumps, HIV and Influenza A virus (Table 1) . Thus, much stronger confidence levels of prediction could be established by verifying the conservation of these signals in any protein.
When we analyzed viral proteins for PTS2, we found numerous proteins containing this signal and were also able to demonstrate the presence and conservation of type 2 PTS in some of the viral proteins (Table 2) . However, unlike with the PTS1, the number of viral proteins with the PTS2 being conserved is very low. This was a surprising finding and as we attempted to screen and analyze other viral proteins for a conserved PTS2, we were invariably identifying more of a non-conserved nature for this signal. The difference in conservation of these two types of signals may suggest a link in evolutionary selection. This hypothesis could be deduced from a recent finding on studies with C. elegans. It has been found in C. elegans that the organism clearly lacked a PTS2 type pathway and the enzymes that are conventionally known to be targeted to peroxisomes by PTS2 pathway in higher eukaryotes, have switched over to the PTS1 pathway in C. elegans (Motley et al., 2000) . Based on this finding it was suggested that switching of targeting signals allowed the PTS2 pathway to be lost in the phylogeny of C. elegans. It may not be surprising if the same is the case with viral proteins too. This is very well reflected in the findings of our present analysis with Mumps hemagglutinin protein and Influenza A virus NS1 protein (Table 1) which contain both the motifs. In analyzing these two proteins it was observed that it is the PTS1 which is highly conserved in all the hemagglutinin and NS1 sequences of Mumps and Influenza A virus respectively, whereas the PTS2 had exceptions and conserved poorly.
What could be the relevance of such a targeting of viral proteins? Given the various functions of the peroxisomes, it suggests that viruses may exploit all or at least some of the wide variety of the organelles' functions ranging from cholesterol metabolism, toxin degradation and gluconeogenesis (Olivier et al., 2000) . This suggestion is quite possible, especially with the enveloped viruses, since they regulate cellular lipid metabolism during infection (Jerkofsky and DeSiervo, 1986; Raulin, 2002) . With the discovery of these PTS in viral proteins it would be of a wide scientific interest to unravel the mechanisms and significance of such a targeting of viral proteins. With this report, a cellular organelle hitherto unnoticed by the medical virology field, should open up novel avenues of research.
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